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Computer Science is one of the newest, but also one of the
le?st "cumulative" of the sciences. Gordon (1) has recently
p?lnted out the upsetting disparity between the number of poten—
tla%ly sharable programs in existence and the number which are
ea§1ly accessible to a given researcher. Although some mechanisms
exist for the systematic exchange of program resources, for example
the World List of Crystallographic Computer Programs (2), a great
deal of programming effort is duplicated among different research
groups with common interests. The reasons for this are understand-
a?le:' these groups are separated by geography, by incompatibili-
ties in computer facilities and by a lack of a means to keep
abreast of a rapidly changing field.

' ?he emergence of more economical technologies for data commu-
nlcat%ons provides, in principle, a method for lowering these geo-
graphical and operational barriers; for creating, through computer
?erorking, remote sites at which functionally specialized capabil-
ities are concentrated. The SUMEX-AIM (Stanford University Medical
EXperimental computer - Artificial Intelligence in Medicine) pro-
ject is an experiment in reducing this principle to practice, in
the specific area of artificial intelligence research applieé to
health sciences.

The SUMEX~-AIM computer facility (3) is a National Shared
Computing Resource being developed and_bperated by %tanford Univer-
sity, in partnership with and with financial suntor> from the
Biotechnology Resources Branch of the Division 6} Research
gesources, National Institutes of Health. It is national in scope
in that a major portion of its computing capacity is being made
availablg to authorized research groups througucut the country by
means of communications networks. )

Aside from demonstrating, on managerial, administrative and
technical levels, that such a national computing resource is a
viable concept, the primary objective of SUMEX-AIM is the building
of a collaborative research community. The aim is to encourage
individual participants not only to investigate applications of
artificial intelligence in health science, but also to share their
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programs and discuss their ideas with other researchers. This
places a responsibility upon SUMEX-AIM to develop effective means
of communication among community members and among the programs
they write. It also places responsibility upon those members to
design and document programs that readily can be used and under-
stood by others.

Another aspect of the SUMEX facility is providing service to
individuals whose interest is in using, rather then developing,
the available computer programs. Although this is not a primary
consideration, it is an essential part of the growth of these pro-
grams. Most of the SUMEX-AIM projects have formed, or are forming,
their own user communities which provide valuable "real world"
experience. Figure 1 depicts the typical interaction of such a
project with its user community, and with other projects. The
participation by users in program development is not just restric-
ted to suggestions, but can also include software created by com-
puter-oriented users to satisfy special needs. In some projects,
methods are being considered to further promote this kind of
participation.

The purposes of this paper are threefold: first, to indicate
the range of research projects currently active at SUMEX; second,
to describe in detail one of these projects, DENDRAL, which is of
particular interest to chemists; and third, to discuss some prob-
lems and possible solutions related to networking and community-

building.
1. RESEARCH ACTIVITIES AT SUMEX-AIM

The community of participants in ‘SUMEX-AIM can be divided
geographically into local (i.e., Stanford-based) projects and
remote projects, and below is given a brief description of the
major representatives of each. Communication with the remote pro-
jects is accomplished through one or both of the communications
networks shown in Figure 2. In most cases, connection with SUMEX-
AIM from these remote sites involves only a local telephone call
to the nearest network ''node".

The SUMEX-AIM system is itself undergoing constant
improvement which deserves to be called research, and thus a third
section is included here to represent system development.

Remote Projects

The Rutgers Project. Originating from Rutgers University are
several research 2fforts designed to introduce advanced methods in
computer science - particularly in artificial intelligence and
{nteractive data base systems - into specific areas of biomedical
research. One such effort involves the development of computer-
based consultation systems for diseases of the eye, specifically
the astablishment of a national network of collaborators for diag-
nosis and recommendations for treatment of glaucoma by computer.
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Figure 1. Interactions in the SUMEX-AIM Community
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Another project concerns the BELIEVER program, which represents a
theory of how people arrive at an Interpretation of the social
actions of others. SUMEX-AIM provides an excellent medium for
collaboration in the development and testing of this theory. The
Rutgers project includes, in addition, several fundamental studies
in artificial intelligence and system design, which provide much
of the support needed for the development of such complex systems.

The DIALOG Project. The DIAgnostic LOGic project, based at
the University of Pittsburgh, is a large scale, computerized medi-
cal diagnostic system that makes use of the methods and structures
of artificial intelligence. Unlike most other computer diagnostic
programs, which are oriented to differential diagnosis in arather
limited area, the DIALOG system has been designed to deal with the
general problem of diagnosis in internal medicine and currently
accesses a medical data base which encompasses approximately fifty
percent of the major diseases in internal medicine.

The MISL Project. The Medical Information Systems Laboratory
at the University of Illinois (Chicago Circle campus) has been
established to explore inferential relationships between analytic
data and the natural history of selected eye diseases, both in
treated and untreated forms. This project will utilize the SUMEX-
AIM resource to build a data base which could then be used as a
test bed for the development of clinical decision support
algorithms.

Distributed Data-Base System for Chronic Diseases. This
project, based at the University of Hawaii, seeks to use the SUMEX-
AIM facility to establish a resource sharing project for the
development of computer systems for consultation and research, and
to make these systems available to clinical facilities from a set
of distributed data bases. The radio and satellite links which
compose the communication network known as the ALOHANET, in con-
junction with the ARPANLT, will make these programs available to
other Hawalian islands and to remote areas of the Pacific basin.
This project could well have a significantly beneficial effect on
the quality of health care delivery in these locations.

Modelling of Higher Mental Functions. A project at the
University of California at Los Angeles is using the SUMEX-AIM
facility to construct, test, and validate an improved version of
the computer simulation of paranoid processes which has been
developed. These simulations have clinical implications for the
understanding, treatment, and prevention of paranoid disorders.
The current interactive version (PARRY) has been running on SUMEX-
AIM and has provided a basis for improvement of the future ver-
sion's language capability.
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Local Projects

The Protein Crystallography Project. The Protein
Crystallography project involves scientists at two different uni-
versities (Stanford and the University of Califormia at San Diego),
pooling their respective talents in protein crystallography and
computer science, and using the SUMEX-AIM facility as the central
repository for programs, data and other information of common
interest. .The general objective of the project is to apply prob-
lem solving techniques, which have emerged from artificial intel-
ligence research, to the well known 'phase problem" of x-raycrys-
tallography, in order to determine the three-dimensional struc-
tures of proteins. The work is intended to be of practical as
well as theoretical value to both computer science (particularly
artificial intelligence research) and protein crystallography.

The MYCIN Project. MYCIN is an evolving program that has
been developed to assist physician nonspecialists with the selec-
tion of therapy for patients with bacterial infections. The pro-
ject has involved both physicians, with expertise in the clinical
pharmacology of bacterial infections, and computer scientists,
with interests in artificial intelligence and medical computing.
The MYCIN program attempts to model the decision processes of the
medical experts. It consists of three closely integrated compo-
nents: the Consultation System asks questions, makes conclusions,
and gives advice; the Explgnation System answers questions from
the user to justify the program's advice and explain its methods;
and the Rule-Acquisition System permits the user to teach the sys-
tem new decision rules, or to alter pre—existing rules that are
judged to be inadequate or incorrect.

The DENDRAL Project. This project, being of particular
chemical interest, is described in detail in Section IXI. Through
the SUMEX-AIM facility DENDRAL has gained a growing community of
production-level users whose experience with the programs is a
valuable guide to further development. Although technically users,
some members of this community might better be described as col-
laborators because they have provided SUMEX-AIM with various
special-purpose programs which are of interest to other chemists
and which extend the usefulness of the DENDRAL programs.

SUMEX~AIM System Development

Current research activities at SUMEX-AIM are developing along
several lines. On a system development level there are ongoing
projects designed to make the system more user oriented. Cur-
rently, the system can be expected to provide help to the user who
is confused about what is expected in response to a certain
prompt. A "?" typed by the user, will, in most cases, provide a
list of possible responses from which to choose. Also available
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in response to typing "HELP" to the monitor is a general help
description containing pointers to files likely to be of interest
to a new user.

In an effort to facilitate communication between
collaborators, a program called CONFER has been developed to pro-
vide an orderly method for multiple participant teletype "confer-
ence calls". Basically, the program acts as a character processor
for all the terminals linked in the conference, accepting input
from only one at a time, and passing it out to the remaining ter-
minals. 1In this way, the conference, in effect, has a "modera-
tor" terminal, thus allowing for a more orderly transfer of ideas
and information.

SUMEX-AIM is also aware of the necessity o° making its
facilities available for trial use by potential users and collab-
orators. To this end, a GUEST mechanism has been established for
persons who wish to have brief, trial access to certain programs
they feel may be of value to them, and about which they would
like to obtain more knowledge. This provides a convenient mecha-
nism whereby persons, who have been given an appropriate phone
number and LOGIN procedure, can dial up SUMEX-AIM and receive
actual experience using a program they may only have heard about.

Another area of system development currently being explored
at SUMEX-AIM is that of creating a comprehensive "bulletin board"
facility where users cen file "bulletins", that is, messages of
interest to the SUMEX-AIM community. The facility will also alert
users to new bulletins which are likely to be of interest to them,
as determined by individual user-interest profile.

11. DENDRAL - CHEMICAL APPLICATIONS OF INTERACTIVE COMPUTING IN
A NETWORK ENVIRONMENT

The major research interest of the DENDRAL Project at
Stanford University is application of artificial intelligence
techniques for chemical inference, focusing in particular on
molecular structure elucidation. Portions of our research are in
the area of combined gas chromatography/high resolution mass spec—
trometry and include instrumentation and data acquisition hard-
ware and software development. This area is beyond the scope of
this report; we focus instead on the concurrent development of
programs to assist chemists in various phases of structure eluci-
dation beyond the point of initial data collection. SUMEX-AIM
provides the computer support for development and application of
these programs. .

Another aspect of our research is our commitment to share
developments among a wider community. We feel that several of our
programs are advanced enough to be useful to chemists engaged in
related work in mass spectrometry and structure elucidation in
general. These programs are written primarily in the programming
language INTERLISP, and thus are not easily exportable (exceptions
are indicated subsequently). SUMEX-AIM provides a mechanism for
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allowing others access to the programs without the requirement for
any special programming or computer system expertise. The avail-
ability of the SUMEX facility over nationwide networks allows
remote users to access the programs, in many instances via a local
telephone call.

Much of the following discussion is preliminary because our
programs have only recently been released for outside use. Some
anncuncement of their availability has been made, and other
announcements will occur in the near future, through talks, publi-
cations in press, demonstrations and informal discussions.
Although most of our experience has been with local users, they
have been good models of remote users in that their previous expo-
sure to the actual programs and computer systems is minimal. Their
experience has been extremely useful in helping us to smooth out
clumsy interactions with programs and to locate and fix program
bugs. Such polishing is important for programs which may be uti-
lized by users from widely differing backgrounds with respect to
computers, networks and time sharing systems. We are in the pro-
cesses of building a community of remote users. We actively
encourage such use for two reasons: 1) we feel the programs are
capable of assisting others in solving certain molecular structure
problems, and 2) such experience with outside users will be a
tremendous assistance in increasing the power of our programs as
the programs are forced to confront new real-world problems.

The remainder of this section outlines the programs which are
available via SUMEX, the utilization of these programs in helping
to solve structure elucidation problems and the limitations we see
to their use. We discuss current applications of the programs to
our research and the research of other users to illustrate better
the variety of potential applications and to stimulate an inter-
change of ideas. Where appropriate, we point out current diffi-
culties with the use both of our programs and of SUMEX. New
applications and widev use will certainly change the nature of
these problems; we strive to solve current problems, but new ones
will always arise to take their place.

DENDRAL Programs

We have several programs which we employ in dealing with
various aspects of problems involving unknown structures. Some of
these programs are exportable, while the remainder are available
at SUMEX. The availability of each program is discussed below.

Our initial emphasis in studying applications of artificial
intelligence for chemical inference was in the area of mass spec-
trometry (4-6). This emphasis remains because many of our prob-
lems require mass spectrometry as the analytical tool of choice in
providing structural information on small quantities of sample.
More recently, we have been developing a program (CONGEN, below)
directed at more general aspects of structure elucidation. This
has extended the scope of problems for which we can provide
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computer assistance.

We will begin, however, with discussion of the mass
spectrometry programs. The examples used in the discussion are
characteristic of our current research problems, although we have
focused on relatively simple problems to keep the presentation
brief. We trace, in what might be chronological terms, the appli-
cation of the programs to various phases of a structure problem.
In this way we hope to illustrate the place of each program in the
analysis. We begin by discussing preprocessing of mass spectral
data (CLEANUP and MOLION). Subsequent analysis of such data in
terms of structure is then covered (PLANNER). The use of CONGEN
is discussed for problems which cannot be handled by the previous
programs. Finally, we discuss efforts to discover, with the use
of the computer, systematics in the behavior of known substances
in the mass spectrometer as a means of extending the knowledge of
the system for applications in new areas (INTSUM and RULEGEN).

Programs for Molecular Structure Problems

The first three programs, CLEANUP, the library-search program
and MOLION are in a sense utility programs, but all three play a
critical role in processing mass spectral data. Subsequent appli-
cations of programs (e.g., PLANNER) for more detailed spectral
analysis in terms of structure depend on the successful treatment
of the data by CLEANUP and MOLION, while the library search pro-
gram filters out common spectra which need not undergo a full
analysis. The examples used are drawn from our collaboration with
persons in the Genetics Research Center at Stanford Hospital. The
experimental data which are collected are the results of combined
gas chromatographic/low resolution mass spectral (GC/LRMS) analy-
sis of organic components (chemically fractionated and derivatized
where necessary) of body fluids, e.g. blood, urine. A typical
experiment congists of 500-600 individual mass spectra for each
fraction, taken sequentially over time as the various components,
largely separated from one another, elute from the gas chromato-
graph and pass into the mass spectrometer. Each mass spectrum
consists of the mass analyzed fragment ions of the component(s) in
the mass spectrometer at the time the spectrum was taken. Such
spectra are related, indirectly, to the molecular structure of the
component (s) .

CLEANUP (7). The individual mass spectra obtained from
fractionated GC/LRMS analysis are quite often poor representations
of corresponding spectra taken from pure compounds. They can be
contaminated by the presence of additiomal peaks and/or distor-
tions of the intensities of existing peaks in the spectrum. Frag-
ment ions from either the liquid phase of the GC column or from
components incompletely separated by the gas chromatograph are
responsible for the contamination. We have developed a program,
referred to here as CLEANUP, which examines all mass spectra inm a
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GC/LRMS run, selects those spectra which contain ions other than
background impurities, and removes contributions from background
and overlapping components. A spectrum results which compares
favorably with the spectrum of a pure component. Biller and B 1
Biemann (8) have developed a similar but less powerful program. 2

For example, the CLEANUP program detected components at ¥ 3
points marked with a vertical bar in the (partial)plot of total 1 3
ion current vs. scan number (time), Figure 3. Note that overlap- == )
ping components were detected under the envelopes of the GC peaks i
in the region of scans 485-488, 525-529 and 539-552. We focus our E
attention on the spectrum recorded at scan 492. The raw data,
prior to cleanup, are presented in Figure 4 (top). The spectrum ! 3
resulting from CLEANUP is presented in Figure 4 (bottom). Note S
that the large ions (e.g., m/e 207, 221 and 315) from background . r
impurities are removed, and that the intensity ratios of peaks at . It Lo
lower masses (e.g., 51 and 77) have been adjusted to reflect their
true intensities in the spectrum.

The CLEANUP program is capable of detection of quite |
low-level components in complex mixtures as indicated by some of o 3
the areas of the total ion current plot (Figure 3) where compo- -+ -
nents were detected. It is completely general because nothing in 1
the program code is sensitive to the types of compounds analyzed =3 3
or the characteristics of possible impurities associated with the - -
compounds or from the GC column. Its major limitation is that
mass spectra must be taken repetitively during the course of a =3
GC/MS run. Its performance is enhanced when such spectra are =
measured closely in time.

The program is offered wia SUMEX as an adjunct to use of our
other programs; it is not offered as a routine service. Because - 3
the program is written in FORTRAN, we routinely use it on our data 1
acquisition computer system so as not to burden SUMEX with tasks
better done elsewhere. Similarly, we would assist other frequent
users to mount the program on their own systems.
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/LRMS trace shown in Figure 3: (top) raw data; (bottom) spectrum output

Library Search. With a set of '"clean" mass spectra
available, the next problem is identification of the wvarious
components. Over the course of several years, libvaries of mass
spectral data have been assembled (2). These libvrarics can be
very useful in weeding out from a group of spectra those which
represent known compounds (10). Clearly, one should spend time on ’
solving the structures of unknown compounds, not on rediscovering
old ones. The CLEANUP program provides mass spectra which are of
sufficient quality to expect that known compounds would be iden-
tified easily from such libraries.

The spectra detected by CLEANUP in the region of scans 480 to
580 (Figure 3) were matched against the library of biomedically
relevant spectra compiled by S. Markey (National Institutes of 3 i 8 8 8 5Lumm§;aAHD§a
Health) and our extensions to that library (we wish to thank S. . ’
Grotch, Jet Propulsion Laboratory, Pasadena, Ca. for providing
some of the library matchings). Excellent matches with the
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Figure 4. Spectrum number 492 from the GC,
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library were obtained for scans 492, 496, 509, 519, 529 and 548.
The components are indole acetic acld methyl ester, di-n-butly-
phthalate, caffeine, salicyluric acid methyl ester, methoxy-
hippuric acid methyl ester and n-C24 hydrocarbon respectively
(structures given in Figures 3 and 4). Spectra scans at 485, 487,
325, 530, 536, 539, 554 and 576 did not match well with any spec-
trum in the library and thus must be examined further for struc-
turing information. The necessity for preprocessing the data
using CLEANUP prior to library matching is illustrated from indole
acetic acid methyl ester (scan 492). The "clean" spectrum

(Figure 4, bottom) was matched to the library spectrum of this
compound much better than to that of any other compound. The raw
spectrum (Figure 4, top), when compared to the library resulted in
eleven other compounds which matched more closely that the correct
one.

This brief example illustrates the obvious value and
limitations of library searching. The most interesting compounds
for subsequent analysis are those which are unknown. The frac-
tions of urine extracts are replete with unidentified compounds
because of the inadequacy of current library compilations. As new
compounds are identified they are, of course, added to the library
so that future analyses need not reinvestigate the same material.

We currently perform library searching on our data
acquisition and reduction computer systems. We can, if necessary,
offer limited library search facilities via SUMEX. However,
because commercial facilities are available (g,g,, over the GE
network), routine library search service is not available on
SUMEX.

MOLION(11). At this stage we are left with a collection of
mass spectra of unknown compounds. The library search results may
have provided some clues as to the type of compound present, e.g.,
compound class. Structure elucidation now begins in earnest. The
key elements in problems of structure elucidation are the molecu-
lar weight and empirical formula of a compound. Without these
essential data, the structural possibilities are usually too
immense to proceed further. Mass spectrometry is frequently used
to determine molecular weights and formulae, but there is no guar-
antee that the mass spectrum of a compound displays an ion corres-
ponding to the intact molecule. For example, many of the
derivatives of the amino acid fractions of urine display no
molecular ions. When we are given only the mass spectrum (and for
GC/MS analysis a mass spectrum may be all that is available) we
must somehow predict likely molecular ion candidates. The program
MOLION performs this task. Given a mass spectrum, it predicts and
ranks likely molecular jon candidates independent of the presence
or absence of an jon in the spectrum corresponding to the intact
molecule. The published manuscript (11} provides many examples of
the performance of the program.
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The mass spectrum of an example, unknown X, (which we will
pursue in more detail below) is given in Figure 5. The result%
obtained from MOLION are summarized in Table I. The observed ion
at m/e 263 is ranked as the most likely candidate.
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Figure 5. Low-resolution mass spectrum of unknown X. The indicated supcr-
atoms were deduced from the spectrum and the chemical history of the sample.
Bascd on these and other constraints, CONGEN obtains the indicated result.

Table I. Results of Molecular Ion Determination for the Unknown
Compound, X, whose Mass Spectrum is Presented in

Figure 5.
CANDIDATE RANKING INDEX
263.0 100
307.0 41
299.0 38
295.0 34
281.0 25

The MOLION program is written to operate on eitber }ov or.
high resolution mass spectra. The program has certain limitations
which have been summarized in detail previously (11).

MOLION is available on SUMEX. A FORTRAN version, initially
for low resolution mass spectra, is being written so that the pro-
gram can be run on smaller computers and exported to others. How-—
ever, it will continue to be available via SUMEX so that others
can access it easily. MOLION is contained within PLANNER as one
of the available methods for detecting candidate molecular ions.
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PLANNER(12). The PLANNER program is designed to analyze the
mass spectrum of a compound or of a mixture of related compounds.
Because there is no ab initio way of relating a mass spectrum of a
complex organic molecule to the structure of that molecule,
PLANNER requires fragmentation rules for the class of compounds to
which the unkncwn belongs. This is its major limitatiom. For our
example the class was unknown, forcing us to resort to other means
of assistance.

Applications and limitations of PLANNER have been discussed
extensively (12,13). The program is very powerful in instances
where mass spectrometry rules are strong (i.e., general, with few
exceptions). In instances where rules are weak or nonexistent,
additional work on known structures and spectra may yield useful
rules to make PLANNER applicable (see INTSUM and RULEGEN, below).
One important feature of PLANNER is its ability to analyze the
spectra of mixtures in a systematic and thorough way. Thus, it
can be applied to spectra obtained as mixtures when GC/MS data are
unavailable or impossible to obtain. PLANNER is available in an
interactive version over SUMEX, requiring three kinds of informa-
tion as input: the high or low resolution mass spectrum the
characteristic skeletal structure for molecules in the specific
compound class, and the fragmentation rules for the class. Addi-
tional knowledge about the unknown can be used by the program to
constrain the structural possibilities.

CONGEN(14,15). Structure problems are usually not solved
with mass spectrometry alone. Even when sample size is too
limited for obtaining other spectroscopic data, knowledge of
chemical isolation and results of derivatization procedures fre-
quently act as powerful constraints on structural possibilities.
Larger amounts of sample permit determination of other spectro-
scopic data. Taken together, this information allows determina-
tion of structural features (substructures) of the molecule and
constraints on the plausibility of ways in which the substruc-—
tures may be assembled. The CONGEN program is capable of pro-
viding assistance in solution of such problems.

CONGEN performs the task of construction, or generatiom, of
structural isomers under constraints. The program accepts as
input known structural fragments of the molecule ("superatoms")
and any remaining atoms (C,N,0,P,...), together with constraints
on how they may be assembled. It is based on the exhaustive
structure generator (16,17) and extensions (18) which permit a
stepwise assembly of structures.

In an interactive session with the program, a user supplies
structural information determined by his own analysis of the data
(perhaps with the help of the above programs), together with what-
ever other constraints are available concerning desired and unde-
sired structural features, ring sizes and so forth. The program
builds structures in a series of steps, during which a user can
interact further with the procedure, for example, to add new

s A
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constraints. Although very much a developing program, its ability
to accept user—-inferred constraints from many data sources makes
CONGEN a general tool for structure elucidation which we are mak-
ing available via SUMEX-AIM in its current form.

For the upknown X, the observed fragment ions from the
molecular ion (M) at m/e 263 (Figure 5) suggest several structural
features when coupled with the knowledge of the chemical derivati-
zation procedures used on this fraction of the urine extract. The
ion at m/e 194 represents loss of 69 amu, probably CF3, from frag-
mentation of a trifluoroacetyl derivative of an amine. This sug-
gests the partial structure 2, Figure 5. The jons at m/e 190
(M-74 amu) and m/e 162 (M-101 amu) suggest the characteristic
fragmentation of an n-butyl ester resulting from the second deri-
vatization procedure, formation of the n-butyl esters of free
carboxylic acid functions. This suggests the partial structure 1,
Figure 5. Taken together, all the above information implies (if
no other elements are present) that the empirical formula contains
an odd number of nitrogen atoms, at least three oxygen atoms,
three fluorine atoms and at least seven carbon atoms. Interest-
ingly, there is only one plausible empirical formula under these
constraints, Cl1H12NO3F3.

Structural fragments ("superatoms’) 1 and 2 were supplied to

CONGEN, together with the remaining four carbon atoms and three
degrees of unsaturation (that is, rings plus multiple bonds) .
With no additional constraints, 155 structures result. The inclu-
sion of other plausible constraints (e.g., no allenes, acetylenes,
cyclopropenes, cyclobutenes) reduces the number of structural can-
didates to just the two isomeric forms of 3, Figure 5.

This problem represents a simple example of a large class of
such problems. Although a chemist could probably reach the same
conclusions quickly in this case, in the general case, piecing
together potential solutions is not a trivial task.

Although still a developing program, CONGEN is capable of
considerable assistance in a wide variety of structure problems.
Some areas of current application are summarized in the subsequent
section. It is already proving its value in structure elucidation
problems by suggesting solutions with a guarantee that no plausi-
ble alternatives have been overlooked.

The program has a great deal of flexibility. Many of the
types of constraints normally brought to bear on structure eluci-
dation problems can be expressed. However, some types of con-
straints cannot be easily expressed (e.g., disjunctions of
features and stereo-constraints). Recent work by our group and
Wipke's (19) will make it possible to add considerations of
stereoisomerism relatively easily (a good example of collaboration
via SUMEX). We are depending on a broad user community to help us
guide further development of CONGEN.
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Programs for Knowledge Acquisition

TINTSUM(20) and RULEGEN(21). When the mass spectrometry rules
for a given class of compounds are not known, the INTSUM and
RULEGEN programs can help a chemist formulate those rules. Essen-—

tially, these programs categorize the plausible fragmentations for
a class of compounds by looking at the mass spectra of several
molecutes in the class. All molecules are assumed to belong to

one class whose skeletal structure must be specified. Also, the
mass spectra and the structures of all the molecules must be given
to the program.

INTSUM collects evidence for all possible fragmentations
(within user-specified constraints) and summarizes the results.
Tor example, a user may be interested in all fragmentations
involving one or two bonds, but not three; aromatic rings may be
known to be unfragmented; and the user may be interested only in
fragmentations resulting in an ion containing a heteroatom. Under
these constraints, the program correlates all peaks in the mass
spectra with all possible fragmentations. The summary of results
shows the molecules whose spectra display evidence for each par-
ticular fragmentation, along with the total (and average) ion
current associated with the fragmentation.

The RULEGEN program attempts to explain the regularities
found by INTSUM in terms of the underlying structural features
around the bonds in question that seem to "direct" the fragmenta-
tions. For example, INTSUM will notice significant fragmentation
of the two different bonds alpha to the carbonyl group in alipha-
tic ketones. It is left to RULEGEN to discover that these are
both instances of the same fundamental alpha-cleavage process that
can be predicted any time a bond is alpha to a carbonyl group.

These programs are part of the so-called Meta-DENDRAL effort,
whose general goal is to understand rule formation activities.
Both INTSUM and RULEGEN are available as interactive programs on
SUMEX, the former being much more highly developed that the latter
Although these programs can be very useful to chemists interested
in finding new mass spectrometry rules, they require having the
collection of mass spectra and molecular structure deccriptions
available in one computer file. Because of this, they have been
used mostly by chemists at Stanford.

Applications and Resource Sharing

The DENDRAL programs are being developed to serve a broad
community of chemists with structure elucidation problems. Our
experience is admittedly limited. In this section we discuss some
of the applications, both local and from remote sites, where these
programs have proven useful.

CLEANUP and MOLION. These programs are in routine use as
part of the Genetics Research Center's GC/LRMS efforts. 1In
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known and the fragmentation rules for the class were known. Those
tests have resulted in a program that we believe is general. We
have applied this program to unknown mixtures of estrogenic
steriods (12). We are preparing to use PLANNER for screening mass
spectra of marine sterols to identify quickly those spectra of
known compounds and to suggest structures for spue.tra of new
compounds.

T

' CONGEN, CONGEN is being used locally and from remote sites
in a wide variety of applications. We have used.it for construc-
tion of ring systems under constraints (22) and for generation of
structures of chlorocarbons (23). We have investigated several
monoterpenoid and sesquiterpenoid structure problems to suggest
solutions and to ensure that all alternatives had been considered.
We are currently investigating the scope of terpenoid isomerism.
Two problems relating to unknown photochemical reaction products
have been analyzed and results used to suggest further experi-
ments. In most cases we do not know the precise problems under
study by remote users, only that they are using the program.

CONGEN will perhaps be the most widely used (by remote users:
program of those mentioned above as accessible through SUMEX. ‘
This is primarily a result of the wider scope of problems which
might benefit from use of the program. However, the need for
remote users to have their mass spectral data available at SUMEX
for analysis present a significant energy barrier to use of the
programs which require these data.

INTSUM and RULEGEN. INTSUM is essentially a production
program now, and is being used as such in a variety of applica-
tions involving correlations of molecular structures with their
respective spectra. Recent or current applications include analy-
sls of the mass spectra of progesterones and related steroids, and-
rostanes, macrolide antibiotics, insect juvenile hormones and
phytoecdysones. These studies serve to develop fragmentation
rules which, if of sufficient generality, can in turn be used in
PLANNER in the study of unknown compounds.

III. PROBLEMS RELATED TO NETWORKING

During this first year of operation, the SUMEX-AIM facility
has encountered a variety of problems arising from its network
availability. 1In most cases, there has been no clear precedent



208 COMPUTER NETWORKING AND CHEMISTRY

for the handling of these situations, in fact, many problem-areas
still reflect the influences of a yet-developing policy. The hope
is that this presentation and discussion of problems and their
solutions may give foresight to others who contemplate networking
or network use. The problems to be discussed can be loosely
associated into three classes; those related to the management of
the facility, those pertaining to research activities on the sys-
tem, and those involving psychological barriers to network use.

Managerial Problems

(4

'Gatekeeping”. The most general problem faced by the
organizers of the SUMEX-AIM facility is the question of "gate-
keeping.”" 1In order to insure a high quality of pertinent research,
some kind of refereeing system is needed to assess the value of
proposed new projects. The organizers of the facility would seem
to be the best source of such judgements; yet, because we are both
organizers and members of the SUMEX community, there is a danger
that our decisions would unfairly favor local priorities. 1In
order to establish credibility in SUMEX-AIM as a truly national
resource, a management system has been instituted that allocates a
defined fraction (initially 50%) of the SUMEX resource to external
users, under the jurisdiction of an independent national committee
(the AIM advisory group). The remaining 50%, allocated for local
use, contains a portion for flexible experiments outside of local
projects, but on our own responsibility.

Choice of computer and operating system. A second management
level problem is the choice of a computer and operating system
which optimize the usefulness of the facility for a majority of
users, and which encourage intercommunication between remote col-
laborators. Because SUMEX-AIM is intended tc be used primarily
for applications of artificial intelligence, and because inter-
active LISP (24) is a primary language in this type of work, the
choice of TENEX (25) as an operating system was dictated somewhat
by necessity. TENEX incorporates multiple address spaces, thefeby
allowing multiple "fork" structure and paging, a decign which is
necessary to create the large memory virtual machine required by
INTERLISP.

The PDP-10 is a popular machine for interactive computing of
all sorts in university research environments, and thus an added
benefit of this choice was expected - the possibility of easily
transferring to SUMEX programs developed at other sites. Many of
these programs were written not under TENEX but under the 10/50
monitor supplied by the manufacturer. Because a large and useful
program library was already available under the 10/50 monitor, one
of the design criteria of TENEX was compatibility with such pro-
grams; when a 10/50 program is run under TENEX, a special "compat-
ibility package” of routines is invoked to translate 10/50 monitor
calls into equivalent TENEX monitor calls. Although the concept
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is sound, we have found that in practice very few programs
written for the 10/50 monitor are able to run under TENEX without
extensive modification. Other problems with TENEX include weak—
nesses in the support of peripheral devices and the lack of a
default line-editor. The latter has caused a proliferation of
editing programs, and some confusion has resulted because editor
conventions vary from program to program. These difficulties have
dampened somewhat our initial enthusiasm for the TENEX system.
Nonetheless, TENEX provides some features which are crucial
to a comfortable network environment. The standard support pro-
grams included with this system facilitate both the sending of
messages to other users (either at the same site or at other sites
on the ARPA network) and the transfer of data and programs from
site to site on that network; also the ability to "1ink" two or
more terminals allows users to communicate easily and immediately.
Both the linking and message facility have been found to be
invaluable aids in inter-group communications and in such problems
as interactive program debugging. When two terminals are linked,
their output streams are merged, thus allowing each terminal to
display everything typed at the other terminal. Since only the
output stream is affected under these circumstances, it is still
possible for each terminal to be used to provide input to separate
programs, in addition to being used in a conversational mode.

Resource allocation. As noted above, the computational
resources of the SUMEX-AIM facility are apportioned by the AIM
advisory group and SUMEX management. Some extensions to the basic
TENEX system have been made to reflect this apportioning in the
actual use of the facility. Basically, it was recognized that
users of the facility are members of groups working on specific
projects, and it is among these projects that the facility is
apportioned. Disk space and cpu cycles are now distributed among
groups instead of among individual users. For example, a user may
exceed his individual disk allocation somewhat without any ill
effect, so long as the total allocation of his group remains
within the limits. Similarly, a Reserve Allocation Scheduler has
been added to TENEX which tries to match the administrative cycle
distribution over a ninety second time frame. Thus a particular
group cannot dominate the machine if a lot of its members are
logged in at one time.

It is typical for usage of a facility to peak through the
middle hours of the day. Indeed, one of the advantages of having
users from around the country is the spreading of the load caused
by the difference in time zones. Even so, the facility could
offer better service if more people would shift their main usage
hours toward either end of the day. To encourage "soft~schedul-
ing" within groups on the system, SUMEX-AIM publishes a weekly
plot of diurnal loading. This plot shows the total number of jobs
on the system as well as the numher of LISP jobs, since these jobs
seem to make the biggest demands of system resources. The result
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has been an increased awareness by users of system loading and a
noticeable increase in the number of users at all hours of the
night and early morning.

Protection and system security. Protection for a computer
system covers a range of ideas. It means the ability to maintain
secrecy — for example, to guarantee the privacy of patient records.
It also guarantees integrity by assuring that programs and data
are not modified by an unauthorized party.

Questions of protection generally become more interesting and
complex as more sharing is involved. Consider the example of a
proprietory program which generates layouts given a user's circuit
data. The program owner demands assurance that he will be paid
whenever his program is used and that copies of the program cannot
be made. The user wants guarantees that his data sets cannot be
destroyed or copied for a competitor. Yet the user must have
access to the program and the program must have access to the data
Unable to support such complicated examples of protectionm, SUMEX-
AIM assumes that sharing takes place between friendly users. This
is not to imply that issues of protection and sharing have not
appeared. For example, in an effort to improve the human engi-
neering of programs for public use, the capability of recording a
session has been built into several of the programs. Studied by
the programs' designers to pinpoint confusing aspects of programs,
these recordings serve to improve program design. Since the issue
of violation of privacy has been raised, some of these programs
now request permission to ‘record a session beford doing so. At
this time, any guarantee of privacy must be provided by the pro-
gram designer because TENEX itself does not have the ability to
render protection.

The general design for systems offering "state of the art"
protection involves a tolerance for failure; that is, if a poten-
tial offender succeeds in breaking through some of the defenses,
he still does not place the entire computer system at his mercy.
Encrypting of data files provides an additional line of defense.
This method is used by at least two calendar or appointment pro-
grams on the computer. At this time, however, there are no
general encrypting facilities available and users must do this for
themselves as needed.

TENEX provides the usual keyword protection at login time and
a measure of file protection. Ownmers of a file may assign a pro-
tection number which specifies some combination of READ, WRITE,
EXECUTE, or APPEND access to a file for owners, members of a
group, or other users. This level of protection is basically
enough to prevent accidents and most mischief. System programmer's
around the country are aware of a number of TENEX bugs which per-
mit this access to be violated. One user of our system found a
way to place himself in a mode where he could modify any file on
the system. To date, we have no examples of such activity
actually having a deleterious effect on SUMEX-AIM.
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To make the use ol SUMEX-AIM programs easy, on a trial basis
for prospective users, a 'guest' account system has been estab-
lished. Since this makes logging into SUM4YX-AIM so easy, it has
invited some misuse by people using this accosnt to play computer
games. A proposed extension to the system now being implemented
is a special "guest EXEC" which would extend the proiuaction of
the TENEX monitor by allowing guest accounts access to only amore
restricted set of programs.

File backup. 1In order to assure the user maximum protection
against loss of valuable work, SUMEX operates a multi-level file
backup system. In addition to a routine file backup system, there
are facilities to enable the user to selectively archive his or
her disk files. By issuing a simple command to the TENEX execu-
tive, the user can transmit a message to the operator to copy
specified files to magnetic tape. Each such file is copied to
two magnetic tapes within 24 hours of issuing the archive command.
File retrieval is affected by a similar process. The user also
has the alternative option of being able to lodge files in a
special backup directory. Files are held in this directory until
the next exclusive file dump (see below) at which time they are
deleted. 1In this way the user can remove files from his direc-
tory at his own choosing knowing they wiil be archived by the
exclusive dump.

On a system level, an effort is made to maintain file
backups such that the maximum possible loss, in the event of a
crash fatal to the file system, would amount to no more that one
day's work. Once each day all files that have been read or writ-
ten within the last 48 hours are dumped onto magnetic tape. Files
that exist for 48 hours are thus held on two separate tapes. The
rotation period for files dumped in this way is 60 days. Once
each week a full file dump is made to separate disk storage. Each
such dump is kept for two weeks at which time it is replaced by a
new file dump. Each month there is a full system dump from disk
to magnetic tape. Files can be recovered from the system backup
by sending a message to the operator specifying the file name(s)
and when the file was last read or written (if such information
is available).

Excessive demand for production programs. One of the
concepts behind the creation of a shared resource is elimination
of the problems which arise when large, complex computer programs
are exported. Since, in theory, exportability is no longer a
problem, there is greater latitude in choice of a language in
which program development can take place. In the case of some of
the DENDRAL programs, it was thought that program development
should take place in INTERLISP, a language that lends itself well
to the artificial intelligence nature of these programs, but does
not lead to particularly efficient run-time code.
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In order to ascertain the usefulness of these programs and to
determine what areas remain in need of work, chemist collaborators
are being sought. As these users increase in number and begin to
use the programs more frequently, it is almost certaim that the
inherent slowness of the predominately LISP code will affect the
whole system as well as handicap the efficient use of the DENDRAL
programs. Additionally, some of the chemist-users who are finding
the programs most useful and who are most enthusiastic about their
potential use, are persons working in industry. Although, in one
sense, this interest from industry could be interpreted as an indi-
cation of the "real-world" usefulness of the programs, it came as
rather a surprise to both SUMEX and DENDRAL personnel.

The fact that SUMEX-AIM is funded by NIH as a national
resource prohibits the facility from providing a service, at tax-
payer's expense, to a private industry. Although there is prece-
dent for a site funded via government grant to charge a fee for
service, such an arrangement leads to highly complicated book-
keeping, and is contrary to the essential purpose of SUMEX-AIM; to
be a research-oriented rather than a service-oriented facility.
This leaves the industrial users in the position of being more than
willing to pay for the use of the programs, but of having no mech-
anism whereby they can be charged. Furthermore, the fact that the
programs are coded in LISP for a highly specialized environment,
almost guarantees the impossibility of export, except to an almost
identical computer system.

An intermediate solution that will help to solve the problem
of industrial users on SUMEX and will help to alleviate the system
loading resulting from heavy usage of LISP coded production pro-
grams, is to mount CONGEN on a closely related computer which is
operated on a fee for service basis. However, in order to make
this program available at a reasonable fee, it has become evident
that it will be necessary to recode the LISP sections of the pro-
gram into a more efficient and easily exportable language.

Research-oriented Problems

Community mindedness. Those involved in computer science
research at SUMEX face a general problem which is absent or
greatly lessened at non-network sites; the problem of community
mindedness. The network provides a large and varied set of other
researchers and users who have an interest in their work. Although
the network-TENEX combination provides new forms of communication
with these remote parties, the traditional means of fully describ-
ing the use and structure of a complex program, a detailed person-
to-person discussion, is not convenient. Comprehensive documenta-
tion galns importance in such a situation, and within the DENDRAL
project a great deal of time has been needed in the development of
program descriptions which are adequate for a diverse audience.
Also, in both DENDRAL and MYCIN, effort has been and is being
directed toward "human engineering" in program design; to provide
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the user with commands which assist him in using the programs, in
understanding the logic by which the programs reach certain deci-
sions and in communicating questions or comments on the programs'
operation to those responsible for development. Such "house-
keeping" tasks can often be neglected, yet are quite important in
smoothing interaction with the community.

Choice of programming language. High level programming
languages which are designed for ease of program development are
frequently poor as production~level languages. This is because
developmental languages free the researcher from a raft of pro-
gramming details, thus allowing him to concentrate upon the central
logical issues of the problem, but the automatir handling of these
details is seldom optimal. Also, because such languages tend to
be specialized for certain computers and operating systems, the
exportation of programs can be a serious problem. One solution to
these problems is the recoding of research-level programs into
more efficient language when fast and exportable versions are
needed.

Networking greatly eases the problem of exportability, but
can also aggrevate the problem of efficiency. As mentioned in the
previous section, DENDRAL programs, which are undergoing comstant
development, found a substantial number of production-level users.
Because of the inefficiencies of INTERLISP (a 50~ to 100-fold
improvement in running time is not uncommon when an INTERLISP pro-
gram is translated into FORTRAN), this use adversely impacted the
entire system. Because the DENDRAL programs are quite large and
complex, their translation into other languages is impractically
tedious. A partial solution to this problem is provided by the
TENEX operating system, which allows some interface between pro-—
grams written in different languages. With such intercommunica-
tion, time-consuming segments of an INTERLISP program which are
not undergoing active development can be reprogrammed in another
more efficient language. The developmental parts of the program
are left in INTERLISP, where modifications can easily be made and
tested. The CONGEN program uses three languages; TINTERLISP,
FORTRAN and SAIL (26). The SAIL segment was added when a new
feature, whose implementation was fairly straightforward, was
included in CONGEN. Since then, the SAIL portion gradually has
been taking over some of the more time~conmsuming tasks. This
method allows a balance in the tradeoff between ease of program
development and efficiency of the final program.

Accumulation of expert knowledge in knowledge-based programs.
Just as statistics-based programs need to worry about accumulation
of large data bases, knowledge-based programs need to worry about
the accumulation of large amounts of expertise. The performance
of these programs is tied directly to the amount of knowledge they
have about the task domain — in a phrase, knowledge is power.
Therefore, one of the goals of artificial intelligence research is
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to build systems that not only perform as well as an expert but
that also can accumulate knowledge from several experts.

Simple accretion of knowledge is possible only when the
“"facts'", or inference rules, that are being added to the program
are entirely separate from one another. It is unreasonable to
expect a body of knowledge to be so well organized that the facts
or rules do not overlap. (If is were so well organized, it is
unlikely that an artificial intelligence program would be the best
encoding of the problem solver.) One way of dealing with the over-
lap is to examine the new rules on an individual basis, as they are
added to the system in order to remove the overlap. This was the
strategy for developing the early DENDRAL programs. However, it
is very inefficient and becomes increasingly more difficult as the
body of knowledge grows.

The problem of removing conflicts, or potential conflicts,
from overlapping rules becomes more acute when more that one expert
adds new rules to the knowledge base. Of course, the advantages of
allowing several experts to "teach” the system are enormous -- not
only is the program's breadth of knowledge potentially greater than
that of a single expert, but the rules are more apt to be refined
when looked at by several experts. On the other hand, one can
expect not only a greater volume of new rules but a higher per-
centage of conflicts when several experts are adding rules.

Having a computer program that can accumulate knowledge
presupposes having an organization of the program and its knowledge
base that allows accumulation. If the knowledge is built into the
program as sequences of low-level program statements -- as often
happens —— then changing the program becomes impossible. Thus,
current artificial intelligence research stresses the importance
of separating problem-solving knowledge from the control structure
of the program that uses that knowledge.

Another problem, at a political rather than a programming
level, becomes apparent with one accumulation process: how does
the program distinguish an expert from a novice? In the MYCIN pro-
gram we have circumvented the problem by having the program ask
the current user for a keyword that would identify him as an
expert. It is then a bureaucratic decision as tc whinh users are
given that keyword. There is nothing subtle in this solution, and
one can imagine far better schemes for accomplishing the same
thing. The point here is that not every user should have the priv-
ilege of changing rules that experts have added in the system, and
that some safeguards must be implemented.

"Human nature' barriers to SUMEX use

Countering disbelief. There is sometimes a tendency among
those unfamiliar with the capabilities and limitations of computers
and computer programs to express disbelief. This is not disbelief
in the sense of worrying that the programs have errors and produce
erroneous results. Indeed, the fact that a problem is being done
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by a computer seems to generate some faith that it might be right,
or at least significantly reduces questions about correctness. The
disbelief is that programs, which are designed to model, or to
emulate, human problem solving will not be capable of useful pevr-
formance. This, of course, is the classic argument against arti-
ficial dintelligence - we think in mysterious ways and have such a
complex brain that a computer program must be inferior. In some
cases, authors of artificial intellipgence programs have brought
such criticism upon themselves by not stressing limitations, or by
wmaking extravagant claims.

In the DENDRAL project, we have tried to counter this type of
disbelief in a number of ways. We have tried to stress that our
programs are designed to assist, not replace chemists. We have
always discussed limitations to give a reasonable perspective on
capabilities vs. limitations of a program. Most importantly how-
ever, we have focused on those aspects of problems which are ame-
nable to systematic analysis, i.e., those problems which can be
done manually, but only with difficulty and with the consumption
of a great deal of time which a chemist could better spend on more
productive pursuits. Examples of this would include the applica-
tion of PLANNER to mixtures where all fragmentations may have to
be considered as possible fragments of every molecular ion, the
systematic analysis by INTSUM of possible fragmentation processes,
the consideration by MOLTON of all plausible possibilities, and the
structure generation capabilities of CONGEN.

We have also tried to reduce chemists' disbelief by blurring
the "outsider-insider" distinction, in particular by having trained
chemists work on the programs and make them useful to themselves
first. Further, when "outside" chemists are first introduced to
the programs, the introduction is done by another chemist who has
already thought through and can readily explain many of the
chemistry-related problems.

The ultimate way to counter disbelief, however, is to
illustrate high levels of performance. If a potential user is
aware of the goals (intent) of a program and its limitations, a
few examples of results which would be extremely difficult to
obtain without the program are very convincing.

The "security" of a local facility. Networking is still a
relatively new concept to many people, and there is a resistance
to departing from the "traditional" modes of computing. There is
a sense of security in having a local computing facility with
knowledgeable consultants within walking distance, and in having
"hard" forms of input (e.g., boxes of computer cards) and output
(e.g., voluminous listings). These props are difficult to simu-
late over a network conmection - in most cases a user's interaction
with the remote site takes place exclusively through a computer
terminal - yet the quality of service can match or exceed that of a
local facility; programs and large data sets can be entered and
‘tored on secondary storage as can large output files; all types
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of program and data editing can be done with interactive editing
programs; programs can be written in an interactive mode so that
small amounts of control information can be input and key results
output in "real time" over the terminal; and as noted in a pre-
vious section, consultation can be significantly more productive
providing that the remote operating systems supports the appropri-
ate types of communication possibilities.

‘There can, of course, be no denying that there are problems
in learning to use a distant computer system, be it for program
development or for the use of certain programs. Whether or not
overcoming these problems to gain access to the special resources
which are available, is worth the effort, is a question answerable
only by the individuals involved. Fortunately, there will always
be those persons who have a pressing problem in need of solution
and who are willing to try a new approach; regardless of whether
or not they have had prior network experience.

IV. THE SUMEX-AIM FACILITY

The SUMEX~AIM computer facility consists of a Digital
Equipment Corporation model KI-10 central processor operating
under the TENEX time sharing monitor. It is located at Stanford
University Medical Center, Stanford, California.

The system has 256K words (36 bit) of high speed memory; 1.6
million words of swapping storage; 70 million words of disk stor-
age; two 9-track, 800 bpi industry tape units; one dual DEC-tape
unit; a line printer; and communications network interfaces pro-
viding user terminal access via both TYMNET and ARPANET.

Sof tware support has evolved, and will continue to evolve,
based on user research goals and requirements. Major user lan-
guages currently include INTERLISP, SAIL, FORTRAN-10, BL.ISS-10,
BASIC and MACRO-10. Major software packages available include
OMNIGRAPH, for graphics support of multiple terminal types, and
MLAB, for mathematical modelling.

The SUMEX~AIM computer generally is left with no operator in
attendance; thereby helping to eliminate some overhead, but also
creating some problems. Users who wish to run jobs requiring
tapes must make arrangements to mount their own tapes. Likewise,
obtaining listings from the line printer can be somewhat difficult
since there is no regular schedule for distribution of this out-
put. The solution to these two problems has been to make keys to
the machine room available at strategic locations, convenient to
all groups of local users. This experiment in basic "resource
sharing" has not resulted in any of the major problems one might
expect from having a fairly large group of people with hands-on
access to a computer.
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